Experimental research on macroscopic phase separation in La2Cu04+δ superconductor and photo-doped cuprates is reviewed. It is shown that the properties of the mixed-phase state strongly depend on the shape and size of the phase domains formed during the phase separation process. The interplay of magnetic and superconducting properties in the mixed-phase state is considered in details. The mechanisms driving the phase separation in Lae Cu04 and photo-doped materials are discussed in connection with presented experimental results.
Introduction
Although enormous effort has been made into investigations of the high-Tc, superconductors since their discovery in 1986 [1] , many aspects of this phenomenon remain unexplained, including a fundamental problem of the mechanisms responsible for this effect. Nevertheless, several characteristic features of high-T c cuprates have been found. A central feature of this group of superconducting materials is that they are doped insulators, obtained by chemical doping (realized by mixed valence substitution, as in La2_xSrxCuO4, or by variation of oxygen content, as in YBa2 Cu3O7_x) or by photoexcitation. The starting material is always an insulating antiferromagnet with the rather high (200-300 K) ordering temperature TN (Neel temperature). The ordering temperature of the parent material decreases rapidly with increasing doping proceeding to a magnetically disordered state and finally to a conducting state which becomes superconducting below the critical temperature T.
Usually it is assumed that the doping leads to a homogeneous electronic (conducting) state. But it has been already realized that under some conditions antiferromagnetism will become unstable upon doping. Such a possibility has been considered for the first time by Vischer [2] . He has shown in terms of the Hubbard model that in antiferromagnets upon doping the phase separation appears. The system is divided into spatially separated regions of nearly neutral antiferromagnetic order and into ferromagnetic regions of high carrier concentration. In the case of the two-dimensional antiferromagnet it has been suggested that dilute holes are unstable against the phase separation into a hole-rich, metallic phase and a pure antiferromagnetic insulating phase [3] [4] [5] . In high-Tc superconductors the macroscopic phase separation has been observed only in oxygen-doped La 2 CuO4 [6] and in photo-doped materials (see [7] and [8] for references).
In the majority of high-temperature superconductors the dopant atoms are frozen at ambient temperature and therefore the phase separation can only take place as a short distance, fluctuation effect (microscopic phase separation). On the contrary, the excess oxygen atoms in La2CuO4+δ are mobile and easily migrate above 280 K that results in the phase separation. It was assumed, until now, that the phase separation was the direct consequence of high enough oxygen mobility in the system. Recently, experiments performed by Kremer et al. [9, 10] questioned in part this common opinion. From the experimental findings it has been confirmed [9] , without any doubt, that the observed phase separation is a diffusion controlled process. The problem concerns the particles which can carry out diffusive motions. These are individual charge carriers (holes) forming small spin-polarized clusters [11] or excess oxygen ions. It is suggested [10] that although both types of diffusional motion exist in La2CuO4+δ , the hole motion in the temperatures above 150 K essentially contributes to the diffusion process and to the phase separation. They additionally suggest that the oxygen diffusion is not essential for the formation of the superconducting subphase. Depending on the experimental conditions the motion of the oxygen atoms not only supports but can also suppress this phase formation. It seems that the role of the oxygen mobility in formation of the macroscopically separated phases is not finally clarified. It is known [9] for example that in the La2_xSrxCuO4 system the macroscopic phase separation has not been observed. This observation is directly connected with the fact that diffusion of Sr ions at the relevant temperature is negligibly small. Therefore only small conducting microphases can be formed in this system [12] . In order to show the effect of a microscopic segregation, Cho et al. [12] performed high resolution in x studies of the magnetic and structural phase diagram of La2_ x Srx CuO4+δ in the low doping regime 0 < (x, 6) < 0.03, where the doped holes were produced by Sr doping and/or doping with excess oxygen. They observed that for 6 = O (no mobile oxygen) TN(x) is decreasing extremely rapidly from about 300 K for x = O to O K by xN 0.02. In the oxygen doped material (6 > 0), TN(x, 6) and Tc (x, 6) are all diminished by Sr doping, namely: TN(x, 6) continues to vanish at about x = XN, whereas superconductivity is observed up to x = 0.03. Quantitative analysis of the experimental data [12] for the antiferromagnetic phase indicates that TN(x) and magnetic susceptibility x(x, T) are determined by finite size effects induced by doping. The doped holes form hole-rich walls separating microscopic domains of undoped materials. All of the reviewed data concerning La2-x Srx CuO4 evidence that the microscopic segregation in this material is electronically driven. The presence of immobile Sr dopants implies a minimum hole concentration in the hole-poor-domains reducing the antiferromagnetic correlations in the CuO2 planes, responsible for both phase separation and magnetic ordering.
Another mechanism of the phase separation, the so-called "chemical mechanism" [13] , is based on the lattice forces leading to clustering of ions and atoms into large aggregates. As it was mentioned, the chemically driven phase separation directly related to oxygen mobility, has been observed in the experiment performed by Kremer et al. [9] on oxygenated La2CuO4+δ. Even stronger experimental evidence that the phase separation in oxygenated La2CuO4+δ is driven, at least partly, by superfluous oxygen chemistry, has been reported by Ahrens et al. [14] . They have investigated the effect of cooling rate on T, and microstructure in super-oxygenated La2CuO4+δ. They show strong sensitivity to the cooling rate depending on whether the sample is quenched or slow cooled through a narrow temperature range around (195 ± 10) K. This result correlates with the measured [15] temperature dependence of the excess oxygen content in the insulating and metallic phases during the phase separation process. The measurements performed indicate a miscibility gap opening discontinuously below 245 K and rapid freezing of oxygen mobility below 200 K.
At present still growing interest is observed in phenomena related to the phase separation in high-Tc superconductors. This problem has been reviewed recently by Emery and Kivelson [7] . Special workshop devoted to the phase separation was held in Erice in May 1992 (see [13] and [15] ). But still many aspects of this subject are not finally clarified, especially the properties of phase domains. Importance of the problem of the phase separation should also be seen in connection with the suggestion [7] that the mechanisms of high-Tc superconductivity might be enhanced by the coupling to dynamic density fluctuations which arise from the frustrated phase separation.
We are going to sum up in this review our experimental data concerning magnetic properties of an oxygenated La2CuO4 single crystal. For completeness we review also experiments that demonstrate the existence of macroscopic phase separation in photo-doped materials.
Phase separation in La 2 Cu04+δ
La2CuO4 is the parent compound for the 2:1:4 copper oxide materials which become superconducting around 40 K. A transition to the superconducting state can be realized either by doping the La sublattice with a divalent alkali-earth element [1] or by introducing extra oxygen [16] .
The structure of La2 CuO4 is of K2 NiF4 type and belongs to the space group Cmca with Cu ions in 4a position. The Cu ions are surrounded by an oxygen octahedron elongated along the b axis. La2CuO4 is an important example of a Mott-type insulating state possessing long-range canted antiferromagnetic order below a Neel temperature TN = 300 K. Oxygen doping has rather strong influence on TN while its influence on transition temperature Tc (= 40 K) is very small. The fact, that this material has the transition temperature independent of S, strongly supports the existence of macroscopic phase separation below the room temperature into oxygen rich (La2CuO4.08' which becomes superconducting below 40 K) and insulating La2CuO4 phases. The first direct evidence of the macroscopic phase separation in La2CuO4+δ was given by Jorgensen et al. [6] in 1988 using neutron diffraction measurements. They showed that in low temperatures La2CuO4 + δ contained two different, but quite similar orthorhombic phases with various oxygen stoichiometry. Note that the two phases belong to the same space group Cmca [17] .
Even stronger evidence of phase separation results from microstructure observations performed by Ryder et al. [18] by means of TEM. While cooling from the room temperature to 100 K they observed the development of a strong contrast between white and black fringes inside each orthorhombic twin domain. This microstructure with periodicity of about 30 nm is due to the phase separation.
The existence of such a mixed-phase microstructure explains the usually observed small volume fractions of superconducting phase in La2CuO4+δ cooling conditions in a given magnetic field II. The peak in the magnetization curves at around 260 K indicates the onset of long-range antiferromagnetic ordering with the Neel temperature TN. The value of the Neel temperature does not depend on the magnetic field (up to II < 2T; at higher fields the observed peak in x(T) shifts to lower temperatures). Below 40 K (Fig. 2 ) one can observe a sharp transition from the paramagnetic (or rather antiferromagnetic) to a diamagnetic state. It indicates the presence of superconductivity in the measured samples.
The value of the diamagnetic response depends strongly on the magnitude of the applied field. The minimum of diamagnetic susceptibility, x min, is for example, considerably higher for II = 500 Oe than for H = 100 Oe. This very unusual behaviour, never observed previously in any superconducting or spin glass systems, is, in our opinion, the signature of the phase separation existing in our sample. The nonmonotonic xmin(H) dependence can be understood while considering the fact that the domain sizes of the superconducting phase are of the same order of the magnitude as the London penetration depth. One should additionally assume that the size of the mixed-phase domains, created during the phase separation process, depends on the magnitude of the applied magnetic field. The effect of magnetic field on diamagnetic response has been also observed in [9] . Kremer et al. [9] have observed that the application of even a weak magnetic field (a few hundred Oe) during the cooling procedure decreases the volume of the superconducting phase.
At low temperatures one can observe (Fig. 2 ) paramagnetic contribution to the measured susceptibility. This contribution also depends on the magnitude of the applied field and arises due to Cue+ ions located in domain walls separating phase domains. More or less isolated Cue+ ions exist mainly in the domain walls where various kind of defects are concentrated leading to breaking the exchange interactions between copper ions. The paramagnetic contribution to magnetic susceptibility is described by the Curie law. This additionally confirms the suggestion concerning the origin of low temperature anomalies observed in x(T, H) dependence.
The results presented in Fig. 3 indicate that the phase separation in our samples starts at around 230-240 K. To explain unusual behaviour of x(T) for a sample exposed to a 5 Tesla magnetic field during the cooling procedure one should take into account that an applied magnetic field induces the metamagnetic transition to a weak ferromagnetic phase. Below T, the weak ferromagnetic phase is still stable, even at low fields, due to the magnetic flux trapped by the superconducting domains. A similar effect is not observed for a sample cooled in 3 Tesla magnetic field since this field is not high enough [19] to stabilize the weak ferromagnetic structure down to the superconducting region. The effect of the magnetic flux trapping is also seen in Fig. 4 , where a hysteresis loop measured at 10 K is displayed. It can be seen from the M(H) dependence that irreversible effects, due to the flux trapping, are very pronounced. Besides this effect, the hysteresis loop indicates clearly the presence of the large paramagnetic moment due to isolated Cue+ ions. Figure 5 presents experimental data confirming the presence of previously mentioned metamagnetic phase transitions in La2CuO4 +δ single crystals. The magnetization curves measured at various temperatures indicate a shift of the magnetization jump to lower-field values with increasing temperature. Experimental data presented in Fig. 5 are strongly related to the magnetization measurement performed with various applied fields on a zero-field cooled sample (Fig. 6) . A sharp peak observed in x(T) curve for a sample measured at 3.5 T indicates the field-induced (metamagnetic) transition to the weak-ferromagnetic phase. This peak moves down to lower temperatures with increasing field in agreement with experimental data displayed in Fig. 5 .
Little is known about the phase separation created with magnetic field applied perpendicularly to the c-axis. In Fig. 7 we plot the temperature-dependent magnetic susceptibility measured in 0.2 T magnetic field applied in the Cu-O Fig. 7 . The magnetic susceptibility of La e CuO4+δ measured in H = 2 kOe applied perpendicular to the c-axis for zero-field and field cooled sample.
plane, for zero-field and field cooling regimes. By comparison the experimental data presented in Fig. 7 with those given in Figs. 1 and 6 it can be concluded that diamagnetic responses for magnetic field applied parallel and perpendicular to the c-axis are completely different. It means that the shape and size of phase domains created in both cases are different. In order to clarify this point further experimental investigations are required.
EPR of Cue+ ions in La2Cu0 4 +δ
There are many observations of EPR spectra for high-Tc superconductors but most of them are attributed to a foreign phase [20] . In spite of that it seems that under some conditions an EPR signal is to be observed in single crystals as well as in ceramic samples. According to [21] EPR signals arise from the transition regions between orthorhombic and tetragonal phases. It suggests that the domain walls separating metallic and dielectric phases in La2CuO4+δ exhibiting the macroscopic phase separation should also be considered as the probable source of the EPR signal. Figure 8 presents [22] the EPR spectrum observed in specimens which had been used previously to study the phase separation effects in La2CuO4.+.δ . To obtain high enough intensity of the EPR lines, specimens are in the powder form obtained by careful crushing of single crystals. The EPR spectrum has been recorded under identical conditions, under which the phase separation was observed. What is fascinating in this spectrum is the observation of the hyperfine structure, never been observed previously in high-Tc superconductors. This result confirms, without any doubt, that the EPR signal is due to the Cue+ ions. Very narrow, symmetrical lines cannot arise from the domain walls, because these are characterized by various types of lattice defects leading to broadening of the resonance lines. We suppose that the observed EPR spectrum should be attributed to Cue+ localized moments in the metal. Since the characteristic size of the metallic phase domains in phase separated samples is much smaller than the skin-depth (estimated to be of the order of 10 pm) one should expect to observe symmetrical EPR lines in accordance with Fig. 8 . Further confirmation of the proposed origin of the EPR signal is the strong correlation observed between diamagnetic response (determined by the number and size of the phase domains) and the intensity of the EPR spectrum. It seems that the EPR signal from ions inside the domain walls is too weak to be observed.
Note that the EPR spectrum reported in Ref. [23] has been observed in samples prepared by the fast quenched procedure which suppresses the phase separation.
Phase separation in photo-doped cuprates
At present there is still growing interest in achieving metallic state (and superconductivity) starting from the insulating (antiferromagnetic) parent material through carrier generation directly onto the CuO2 plane by photoexcitation (photodoping) (see review paper [24] and references therein). The main advantage of photodoping compared with chemical doping is that photodoping allows one to change the carrier density without any changes in chemical composition and lattice structure of the parent material. In the photo-excitation experiments a parent material is exposed to high intensity laser radiation with photon energies in excess to the insulating gap. The photo-generated holes are located in CuO2 planes and migrate to form droplets of metallic carrier concentration. These metallic droplets formed in photo-doped materials are responsible for the appearance in optical spectrum some features characteristic of metallic phase (note that the concentration of photo-generated carriers is less than 1% [7] and uniformly distributed photo-generated holes at such densities could not cause any observable change in optical spectrum). Experimental data concerning optical spectrum as well as photoconductivity imply the electronic phase separation in photo-doped cuprates.
Conclusions
We have shown that many of the unusual features of the La2CuO4+δ superconductor derive from the fact that this material exhibits the macroscopic phase separation. The fingerprint of the macroscopic phase separation is the presence, in some temperature range, of both superconductivity and a long-range antiferromagnetic ordering. Properties of the mixed-phase state depend strongly on the shape and size of the phase domains formed during the phase separation process. In the case of photo-doped cuprates observed, the phase separation is driven electronically. It is suggested that the driving force for the phase separation in La2CuO4+δ is a combination of the chemical and electronic mechanisms. This paper has been supported in part by the Committee for Scientific Research under contract No. 2 0484 91 01.
